Quantum cascade lasers ͑QCLs͒ operating at terahertz frequencies 1 have recently received considerable attention for their potential use in a wide range of applications encompassing broadband communications, detection of trace gases in the environment, sensing of organic and biological molecules, security controls, etc. [2] [3] [4] Single-mode terahertz lasers with broad tuning are particularly required for spectroscopic applications. 5 Distributed feedback lasers 6 are mostly used for single frequency emission and their tuning relies on the changes of the waveguide refractive index with the heat-sink temperature or with the drive current. The concept has recently been extended to terahertz QCLs, 7, 8 but the limited operating temperature range results in a small tunability, typically of the order of 0.1 cm −1 ͑3 GHz͒. External cavity semiconductor lasers can offer tunable emission over a wide spectral range, often limited only by the gain bandwidth. Such a scheme was investigated by several groups for midinfrared QCLs. [9] [10] [11] [12] A maximum tuning range of 225 cm −1 , 24% of the free running frequency, has been recently demonstrated using a heterogeneous cascade active region to artificially broaden the gain curve. 13 In this letter, we present the realization of external cavity QCLs emitting in the terahertz region, tuned by variation of the cavity length.
In external-cavity semiconductor lasers, tunable feedback is provided by the insertion of a controllable optical element such as a diffraction grating or a simple movable mirror. In the former case, the frequency can be varied by changing the grating angle with respect to the incident beam, thereby shifting the frequency of maximum feedback; in the latter, the frequency of a Fabry-Perot resonator is tuned by a change of the external cavity length. Most often both situations occur at the same time and continuous mode tuning over wide ranges requires a combination of multiple effects. In any case, a necessary prerequisite is the supression of laser oscillation in the resonator formed by the semiconductor chip itself. This is commonly achieved by depositing an antireflection ͑AR͒ coating on the device facet coupled to the external optics. Otherwise, interference between the multiple cavities present can prevent the fine control of the individual lasing modes. AR coatings for terahertz QCLs represent a critical challenge. Owing to the long emission wavelength of the order of 100 m, the coating layers have to be very thick, which poses problems in the fabrication, thickness control, and reliability, particularly concerning the adhesion to the facet under the thermal cycling conditions of common laser operation. Furthermore, materials with appropriate refractive index with low absorption in the terahertz have to be selected.
In the present work, we report the development of a tunable terahertz QCL designed to operate near 4.76 THz, a relevant frequency for the detection of atomic oxygen. The active region is a bound-to-continuum adaptation of the 4.4 THz design already discussed elsewhere; 1 140 periods form the waveguide core on top of a 550 nm central guiding layer n doped to 2.5ϫ 10 18 cm −3 . The sample was fabricated into laser ridges according to the protocols of Ref. 14.
We selected SiO 2 for the AR coating on the facets. This material is available in many different forms showing a good transmission in the terahertz range and refractive indices between 1.9 and 2.1, depending strongly also on the deposition method and parameters.
According to the Fresnel expression, the reflectance R on the surface of a material of refractive index n s , with a single coating layer of thickness d and refractive index n, is given by 
.
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The choice n = ͱ n s Ϸ 1.9 is ideal for a /4n AR layer and a laser effective refractive index of ϳ3.7, as computed for the fundamental mode of our waveguide. In this case, R remains below 0.1% in a bandwidth of ϳ3 m near the center wavelength of 63 m, with tolerances of 2% on n and 5% on n s . Test AR coatings were deposited by vacuum evaporation under ion assist onto GaAs wafers with a thickness designed so that the expected reflectance minimum would occur at = 41.0 m, within the range of the spectrophotometer used to measure R. The latter was observed to fall near zero at ϳ41.9 m and it stayed below the instrumental noise baseline of 0.12% over a range of ϳ1 m wavelength. 15 The test silica coatings survived repeated and rapid coolings to liquid nitrogen temperature. As a further check, the same coating was also deposited on the front facet of 2.5 THz QCL devices. In this case, the AR wavelength was very detuned from the emission line and the lasers could be operated with identical performance to the uncoated ones, showing no ill effects from the processing and negligible absorption in the coating.
The front facets of a few 4.76 THz lasers were finally coated at the nominal /4n thickness of ϳ8.3 m, correcting the growth rate to compensate for the small shift measured in the calibration test. The coated terahertz chips were measured in a He-flow cryostat and driven with current pulses at 5% duty cycle; the laser output was monitored by a Fourier transform infrared ͑FTIR͒ spectrometer using a Si-bolometer detector. No lasing could be observed in the stand-alone configuration, indicating that the Fabry-Perot cavity modes were indeed suppressed by the AR coating. A tunable external cavity setup was then constructed within the cryostat head according to the diagram of Fig. 1 . A square gold mirror mounted on the top of a linear mechanical feedthrough was employed in front of the coated facet. No collimation lens could be inserted between the mirror and the QCL chip, owing to the limited available space and the necessity of avoiding any further source of losses. This, however, limited the maximum change of cavity length to only a few hundreds of micrometers, owing to the laser beam divergence. The cavity was then completed by the other laser facet, which was also used as the outcoupler for the measurements. The linear feedthrough manipulator had a spatial resolution of 25 m and the zero was set at a distance where the space between mirror and facet could no longer be seen by the naked eye.
In this cavity arrangement, laser operation was recovered. Typical light-current ͑L-I͒ curves from a device 200 m wide with a length of d = 2.3 mm are reported in Fig. 2 . We can use these data to set an upper limit to the reflectance R of the coated facet by assuming R = 1 when the mirror is present. Since the device does not lase otherwise, we know that, without the mirror, the losses are at least as high as the maximum achievable gain. In turn, we can assume that the largest gain in this structure is obtained at the drive current where the highest emitted power is observed under lasing conditions, like those of the L-I characteristic of 
where ␣ w are the waveguide losses, computed to be 10.7 cm −1 , and ␣ u are the losses from the uncoated facet. Using the calculated reflectance of 33% for the latter, we obtain an upper limit of R Ͻ 4%.
At high currents the laser emission shows the multiple longitudinal modes typical of Fabry-Perot resonators, as displayed in the inset of Fig. 2 for the external mirror at the zero position. The mode spacing of 0.48 cm −1 has to be compared with the 0.59 cm −1 predicted using the computed waveguide refractive index of 3.7. The discrepancy might originate from the dispersive correction ͑dn s / d͒ due to the dependence of the refractive index n s on the frequency .
Close to threshold, on the other hand, single-mode emission can be obtained. The laser frequency can then be tuned by changing the cavity length with the movable mirror. For this purpose, mechanical instabilities and vibrations, as well as the temperature fluctuations, had to be kept as small as possible to avoid mode hopping. At the same time, maintaining an optimum alignment of the external cavity is also crucial to ensure a constant laser output. Figure 3 displays four spectra obtained over a mirror movement range of 50 m. The emission frequency is continuously tuned over the whole free spectral range of the cavity ͑corresponding to the separation between consecutive Fabry-Perot modes͒ without any hopping. The output power is also quite stable, without major variations with the mirror position. The measured laser frequency is plotted as a function of the mirror position in the inset ͑squares͒; above ϳ110 m, as expected, a mode hopping occurs toward higher frequencies, but continuous tuning is then re-established. For comparison, continuous tuning data for another device ͑2.5 mm long͒ are also reported as circles. The amount of tuning per unit length should follow the simple expression,
where ⌬ FP is the Fabry-Perot mode spacing in cm −1 as measured with the mirror at the device facet and LЈ is the length of the portion of the cavity in vacuum. Linear fits using the fixed slope values d / dLЈ calculated from Eq. ͑3͒ for the two devices are also shown in the inset. A basic agreement is found, although the experimental tuning seems to be consistently smaller than the predicted one. This could be due to systematic error in the determination of the mirror position, to coupled-cavity effects, and even to near-field corrections, as the mirror distance from the facet is of the order of the radiation wavelength.
Allowing for mode hopping, broad tuning of the terahertz QCL frequency could be realized, although the choice of the exact lasing mode was rather unpredictable, depending strongly on the cavity alignment, the operating conditions, etc. Nevertheless, various well-separated single tunable modes could be selected over a range of about 3 cm −1 ͑90 GHz͒ by controlling the mirror alignment and position, as demonstrated in Fig. 4 . This value corresponds to approximately 2% of the laser emission frequency. Again, we note that no large variations in the output power are observed while the drive current is kept constant.
In conclusion, we have demonstrated tunable, singlemode emission from terahertz QCLs within an external Fabry-Perot cavity with a movable mirror. Continuous tuning over the free spectral range of ϳ15 GHz has been achieved, and broadband tuning over 90 GHz with mode hopping has been demonstrated. Grating-tuned external cavities should further extend the tunability range of terahertz QCLs, and 5%-10% of the emission frequency should be possible with present active region designs. These results are expected to further accelerate the development of spectroscopic applications of terahertz QCLs in relevant fields like biosensing, security, and process monitoring. 
